Background: In traditional laparoscopic hysterectomy, an assistant is typically assigned to hold a uterus manipulator to facilitate the surgical procedures. The responsibility of the assistant is to position the uterus according to the primary surgeon's instructions. Throughout the surgery, which typically lasts more than 90 min, the assistant has to support the uterus manipulator with his/her hands, which easily causes fatigue to the assistant and eventually affects the manipulation performance and threatens the patient. Moreover, the manipulation done by the assistant may not always be satisfactory from the primary surgeon's point of view. Thus, having a robot assistant which can release the human assistant's hands from the manipulation task and allow the primary surgeon to directly position the patient's uterus can be a solution. Methods: A four degrees of freedom (DOF) robot assistant is designed for positioning the patient's uterus during hysterectomy. The robot assistant is composed of three parts, a 3-DOF robotic positioning arm, a 1-DOF motorized uterus manipulator, and a supporting stand of the robot. To improve safety, the remote center of motion (RCM) mechanism is applied to the design of the robotic positioning arm. The positioning arm generates a partial spherical workspace and allows the manipulation of uterus to be done in a decoupled manner. To enhance the ability of the robot assistant to perform anteversion and retroversion motions, the motorized uterus manipulator is designed. The robot assistant is mounted to the operating table through the supporting stand. Results: A prototype of the robot assistant is built, and experiments are conducted to verify the performance of the prototype. It is shown that the prototype is able to respond to the user's instructions accordingly and manipulates the uterus of a manikin to a desired position. Performances of robot manipulation and human manipulation are also compared. It is shown that the robot assistant can retain the manikin's uterus in a specified position in a more stable manner. Conclusions: Our experimental study shows that the use of a robot is a feasible alternative to position the uterus. By using this type of system, costs can be reduced and safety can be improved.
Background
Excluding the pregnancy-related procedures, hysterectomy is the most commonly performed gynecological procedure [1] . Since the 1990s, there has been an increasing trend in the number of hysterectomy procedures performed in laparoscopic approach [2] . In the 2000s, with the introduction of the daVinci surgical system, surgeons started performing robot-assisted hysterectomy [1, 3, 4] . During a robot-assisted laparoscopic hysterectomy, the primary surgeon controls the robotic arms located at the patient's bedside from the surgeon's console, which is located away from the patient's bed; the assistant surgeon at the patient's bedside assists the primary surgeon in operating the uterus manipulator and using the accessory port of the daVinci system [3] .
In [3] , it is reported that the typical operative time for this kind of robot-assisted laparoscopic hysterectomy lasts no less than 190 min; in [1] , it is reported that out of 16 cases, the median of the operative time is 242 min. However, for traditional laparoscopic hysterectomy conducted in the 2000s, it is reported that the median operative time is in general not more than 135 min [5] . By comparison, it is observed that the operative time required to perform traditional laparoscopic hysterectomy (i.e., performed by the primary surgeon directly at the patient's bedside) is in general shorter than those performed robotically with the daVinci system.
In terms of effectiveness, it is worth keeping the primary surgeon at the operating table to perform surgery. Besides, during this kind of robot-assisted surgery, operating the uterus manipulator is still the responsibility of the assistant surgeon. No matter in traditional or robotassisted laparoscopic hysterectomy, asking an assistant surgeon to operate the uterus manipulator causes the problem that the manipulated position may not satisfy the primary surgeon's need. Furthermore, if no supporting device is used to assist the assistant surgeon in holding the uterus manipulator, the assistant surgeon would suffer from the problem of fatigue as he/she is required to hold the uterus manipulator throughout the surgery. Fatigue may decrease the performance of the assistant surgeon and may eventually threaten the patient. Thus, a robotic system which is capable of assisting in this tool manipulation while keeping the primary surgeon at the operating table side during hysterectomy is necessary; this is precisely our aim in this article.
Existing surgical robots
Robots have been introduced to the operating theater in recent decades; the daVinci surgical system is a wellknown example. The daVinci system is a multipurpose surgical robotic system designed for laparoscopic surgeries. Four robotic arms are included in the system for manipulating a laparoscope and other surgical tools during surgery. Though tele-surgery is allowed with the daVinci system, the primary surgeon who operates the robot is away distant from the patient's bedside [6] due to its large footprint. Furthermore, as the robotic arms are designed for laparoscopic surgeries, the robotic arms are generally setup to operate above the patient's abdomen; thus, when performing laparoscopic hysterectomy, an assistant is still required to position the patient's uterus from the end of the operating table.
In general, surgical robots for minimally invasive surgery are mainly designed for endoscope manipulation or surgical tool manipulation during laparoscopic surgery in which several small incisions are opened on the patient's abdomen and the endoscope and the surgical tools are inserted into the patient's body through these incisions. Examples of robotic endoscope manipulators include AESOP [7] , LARS [8] , EndoAssist [9] , and FreeHand [10] .
EndoControl, the manufacturer of ViKY [11] , a robot designed for endoscope or surgical tools manipulation, developed a system named ViKY UP [12] which aims at hysterectomy procedures. ViKY UP is a motorized uterus positioner which helps to manipulate the uterus manipulator during surgery. Though ViKY UP serves the aim of taking up the task of the assistant who is responsible for manipulating the uterus manipulator, the mechanism of the robot generates a cone-shaped workspace [13] . With this configuration, joint motions are coupled when the surgeon would like to manipulate the patient's uterus laterally or vertically.
Contributions
In this article, we present a robotic prototype for uterus positioning during laparoscopic hysterectomy. Different from the majority surgical robots, the remote center of motion of our prototype is designed to be placed at the cervix (i.e., inside the patient's body), which is more preferable in hysterectomy. With the use of the robot, safety can be improved as the robot can hold the uterus manipulator more stable than a human in general. Furthermore, a valuable manpower can be released with the use of the robot; thus, surgical costs can be reduced.
Methods

Design requirements
The robotic system presented in this article is aimed at providing assistance in positioning the uterus manipulator during laparoscopic hysterectomy. To achieve this, the proposed robotic system should have the following abilities:
1. The robot should be able to grasp and hold the uterus manipulator securely.
2. The robot should have the ability to manipulate the uterus manipulator in a natural manner as an assistant surgeon does. 3. The robot should be able to receive commands from the primary surgeon and response correspondingly.
In traditional laparoscopic hysterectomy, the assistant surgeon who is responsible for operating the uterus manipulator generally manipulates the patient's uterus according to the primary surgeon's order in three ways:
1. Anteversion/retroversion of uterus, 2. Laterally manipulation of uterus, and 3. Tensioning of uterus.
Design of the robot
The robotic system presented in this article is comprised of three parts, a robotic positioning arm, a motorized uterus manipulator, and a supporting stand of the robot.
Schematic of the robotic uterus manipulator positioning arm is shown in Figure 1 . In the schematic diagram, the motorized uterus manipulator is used as the surgical tool manipulated by the positioning arm. The positioning arm has three degrees of freedom, yaw, pitch, and insertion. As in medical robotics, safety is the most important issue, a remote center of motion (RCM) mechanism [14] is used in the robotic positioning arm to improve safety. With the RCM mechanism, a point which is to be placed at or close to the patient's cervix will be mechanically forced to remain stationary no matter how the arm moves. To create the remote center of motion, the three actuated joints are designed to satisfy specific geometric arrangement. Here, denote the joint for yaw motion by joint 1, the joint for pitch motion by joint 2, and the joint for insertion by joint 3. The geometric arrangement of the joints is as follow:
• Joint 1 is a revolute joint.
• Joint 2 is a sliding joint which moves along a circular trajectory. The axis of rotation of joint 1 intersects with the center of the circular trajectory of joint 2. This intersection point gives the remote center of motion.
• Joint 3 is a translational joint. The axis of translation of joint 3 intersects with the axis of rotation of joint 1 and the center of the circular trajectory of joint 2.
The surgical tool considered as a straight rod lies on the axis of translation of joint 3 and intersects with the RCM.
The motorized uterus manipulator is a device which enhances the ability of the robot assistant in performing anteversion and retroversion motions. It is a device with a tilting tip which has a moving direction similar to joint 2. Here, we denote this joint by joint 4.
Based on the schematic, a prototype of the robot assistant is designed and developed. Figure 2 shows the computer-aided design (CAD) model of the design and the CAD model of the robot assistant when it is used in the operating theater.
Actuation and mechanisms
To realize the motion of joint 2, pinion and rack mechanism is used. A block with a spur gear installed to the actuator is allowed to run along an arc-shaped guide rail with gear teeth on the rail as shown. A 20 W DC motor with gearbox is used as the actuator to ensure enough power can be delivered to drive the system. Using a motor with larger power than what it actually needs may also prevent the motor from damage due to overloading.
The structure of joint 2 is mounted on top of joint 1 directly, that is, joint 1 drives the entire structure including the arc-shaped guide rail of joint 2. Joint 1 is a revolute joint; the rotation motion from the actuator drives the structures mounted to it directly. A 20 W DC motor with gearbox is also used as the actuator for joint 1.
Joint 3 is mounted to the actuated block of joint 2. To realize the inserting motion, ball-screw mechanism is used. A 2 W DC motor with gearbox is used as the actuator as the ball-screw mechanism provides large reduction ratio, and the power required to drive the system is greatly reduced. An adaptor for grasping the surgical tool is attached to this joint. The adaptor is designed to hold uterus manipulators with a diameter of 8 or 12 mm. Joint 4 is a joint of the motorized uterus manipulator which enables tilting motion. The motorized uterus manipulator is composed of two parts, a disposable unit and a reusable driving unit. The two units are connected together through a lock as shown in Figure 3 . In this joint, a pair of bevel gears is used to convert the actuation direction of the tip to a configuration which can be driven by the actuator installed in the reusable driving unit. To drive the tip, a 6 W DC motor with gearbox is used as the actuator. All motors used for building this prototype are from Maxon.
Control system architecture
A schematic representation of the control system architecture is shown in Figure 4 , which is composed of a user interface, a control system, and the robot actuators. The user interface consists of a standard joystick device, which allows the user to directly control the motion of the robot. The control system is the one in charge to regulate and drive the DC motors of the robot; it is composed of a Linux-based PC, an industrial motion controller, and the power amplifiers. We use a Galil DMC-4040 (DMC-4040, Galil Motion Control, Rocklin, CA, USA) industrial motion controller with an embedded four-axis 20 W current amplifier. The motion controller has implemented a speed tracking servo loop for each of the joints.
The prototype
A prototype of the robot assistant is developed according to the design shown in Figure 2 ; the metal parts were fabricated using standard aluminum alloy and stainless steel. The moving ranges of joint 1 to joint 4 are −65°to 65°, 30°t o 138°, 0 to 50 mm, and 0°to 180°, respectively. Motions of individual joints of the robot assistant are shown in Figure 5 . Figure 6 shows the manipulation experiments conducted with manikin.
Results and discussion
To verify the performance of the prototype, four experiments are conducted. Two experiments are conducted to verify the closed-loop response of the robot's motion, and two are conducted to compare the manipulation performance of the robotic assistant with of a human assistant.
Velocity tracking experiment (auto-feed)
The objective of this experiment is to verify the performance of the robot in responding to an assigned velocity profile. In particular, we would like to verify the robot's performance when moving with non-constant speeds. In this experiment, the four degrees of freedom of the robot are tested separately. To each joint, a timevarying velocity profile (a sinusoidal function of time) is assigned, which the robot must follow as accurately as possible. We denote the ith velocity input to the robot by
where v i represents the joint velocity and k i is a positive user-definable velocity gain. The results of this velocity tracking experiment are shown in Figure 7 . In the figure, the desired velocity profiles fed to the robot are represented by the black lines while the measured velocities of the joints are represented by the red lines. These experiments are obtained with the following velocity gains: k 1 = 13, k 2 = 27, k 3 = 1.7, and k 4 = 50. From these results, it is shown that the robot can closely track the time-varying velocity inputs.
Velocity tracking experiment (manual input from joystick)
As the robot is designed to be controlled and operated by the primary surgeon, this experiment is conducted in a manual-control mode. The objective of this experiment is similar to the auto-feed one, i.e., to verify the performance of the robot in responding to the user's input commands.
In this experiment, the robot is manually controlled by human through a joystick interface. For these experiments, we denote the ith velocity input to the robot by
where J i represents a discrete (i.e. −1, 1, 0) input provided by the joystick interface. The user is asked to control the robot by pressing the buttons on the control joystick which correspond to the robot joints and their moving directions. Similar to the auto-feed experiment, the joints of the robot are tested separately in this experiment. Figures 8  and 9 show the results of this experiment; Figure 8 shows the steady state response of the system while Figure 9 shows the transient responses. In the figures, the black 
Manipulation experiment (one-dimensional distance)
In traditional laparoscopic hysterectomy, visual feedback is obtained from the laparoscopic camera inserted into the patient's body through a small incision opened on the patient's abdomen. In general, 2D visual feedback can be obtained and the surgery is performed with the use of this 2D visual information. This scenario is emulated in this experiment, and the experimental setup is shown in Figure 10 . The objective of this experiment is to compare the manipulation performance of the robot with that of human.
In this experiment, a medical manikin is used as the simulated environment. To emulate the laparoscopic camera, a webcam is used to obtain the visual feedback from In this experiment, a standard non-motorized uterus manipulator (produced by Apple Med [15] ) is used as the surgical tool to position the uterus of the manikin.
On the robot side, the uterus manipulator is grasped by the robotic positioning arm. Human participants are asked to move the marker to a desired image configuration with the assistance of the robot and retain that position. The robot is controlled by the participants using a joystick.
To compare the performance of the robot with the performance of a human, the same experiment is conducted without the assistance of the robot. The human participants are asked to hold the uterus manipulator by themselves and keep a specified image position without the use of any supporting device. All participants involved in this experiment are without medical background. Short training for both manipulating with and without the robot is given to the participants before the experiment started.
In this experiment, the desired image position is represented by a one-dimensional line as shown in Figure 11 . The participants are asked to align the marker attached to the uterus of the manikin to any point of the line specified on the screen both with and without the use of the robot. We choose this task as it is a common procedure to move the uterus aside during laparoscopic hysterectomy.
Pixel error between the marker and the line is measured. As the image position of the desired destination is known and the image position of the marker attached to the manikin can be obtained by feature tracking, the pixel error can be calculated by
where e is the pixel error, p d is the pixel position of the desired destination, and p m is the pixel position of the marker. In this one-dimensional experiment, p d and p m can be understood as the x-coordinates of the desired destination and the marker on the image plane, respectively. In both assisted and unassisted experiments, ten trials are conducted. The results are shown in Figure 12 .
In Figure 12 , the plot on the left shows the measured pixel error obtained the during manipulation with the assistance of the robot; the plot on the right shows the measured pixel error obtained without the use of the robot assistant. From these results, it is shown that with the use of the robot, the participants are able to manipulate the uterus to a specified image position in a more stable way compared to the traditional hand manipulation.
Manipulation experiment (two-dimensional point control)
To further verify the performance of the robot, the manipulation experiment is extended to the two-dimensional image space. In this experiment, the desired position is specified by an image point instead of a line, as shown in Figure 11 . The pixel errors in both x and y directions on the image plane are measured to evaluate the performances.
Figures 13 and 14 compare the positioning performance of the robot with that of solely human manipulation. These results show that while both human and robot are able to manipulate the uterus to a desired position, the robot can retain the desired configuration in a more stable manner, as expected.
Conclusions
In this article, a four degrees of freedom robot assistant for uterus positioning during laparoscopic hysterectomy is designed and developed. This system is composed of a 3-degrees of freedom (DOF) uterus manipulator positioning arm, a 1-DOF motorized uterus manipulator, and a supporting stand which mounts the robot to the operating table. The 3-DOF uterus manipulator positioning arm adopts the RCM mechanism, which is designed to improve safety. Instead of placing the RCM out of the patient's body as most surgical robots do, the RCM of the presented positioning arm is designed to be placed inside the patient's body. Note that when applying to hysterectomy procedures, the RCM must be placed at or close to the cervix. The positioning arm has a spherical workspace, and the three actuated joints are designed to satisfy specific geometric arrangement so that the manipulation of the uterus can be achieved in a decoupled manner. A 1-DOF motorized uterus manipulator with a tilting tip is also designed and developed to enhance the ability of the robot assistant to perform anteversion and retroversion motions. Experiments are conducted to verify the performance of the robot assistant, and the experimental results are presented. It is shown that the developed robot assistant can respond to the user's commands and assist the user in uterus manipulation. Furthermore, when compare with solely human manipulation, the robot assistant shows the advantage of being able to retain a desired position in a more stable manner, which is precisely the goal of this prototype. Our robotic system can release a human assistant from the task of uterus positioning. This helps saving the valuable human resources in the operating theater. Besides, more reliable and stable positioning of uterus can also be achieved.
However, there are several disadvantages in our system, for example, space under the operating table is required when installing the robot assistant to the operating table. When encountering with operating tables with this space unavailable, the RCM of the robotic positioning arm will be unable to align with the patient's cervix, which is undesirable. Also, due to the mechanical structure, the motion of joint 2 is comparatively not smoothly enough (see Figures 7 and 8 ) and the vibration frequency of the robot is high than that of human (see Figures 12, 13, and 14) .
In the future, we would like to eliminate the necessity of under-bed space for installation so that the installation of robot can be more feasible when encountering with different operating tables. Also, we would like to improve the structure of the robotic system to increase its rigidity and reduce the system's vibration. Improvements on the controller are also expected for the same purpose. One step further, image-based automatic control can also be implemented to provide more autonomy to the system. Last but not the least, in our experiments, a manikin is used. Though medical manikin is the closest simulated environment when comparing to human, differences exist. Indeed, differences also exist among different patients. These differences may eventually affect the workspace and payload required for the robot. Thus, to obtain more realistic and reliable data for designing future robots, ex vivo experiments with cadavers and clinical trials are expected.
